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The performance of landﬁll liners can be enhanced if they exhibit a semipermeable membrane behavior, which restricts the migration of
contaminants. Consequently, enhancing the membrane property of clays used for liners is becoming increasingly important. As bentonite has
already proven to be an excellent additive for improving the membrane behavior of clay, the hydraulic conductivities and membrane behaviors of
a locally available clay, known as Fukakusa clay, amended with different amounts of dry bentonite (5%, 10%, 15%, and 20%) were herein
evaluated. The chemico-osmotic efﬁciency coefﬁcient, ω, was obtained under different concentration differences of KCl solution (0.5, 1, 5, 10,
and 50 mM) for specimens in rigid-wall cells. The test results show that the ω of unamended clay is very low and can be ignored unless amended
with bentonite, and that hydraulic conductivity k is suitably low (1.58 109 m/s). Additionally, ω decreased as the KCl concentration increased,
which is consistent with the theory that increasing concentration causes progressively greater shrinkage of the diffuse-double layers of the clay
particles. Furthermore, the mechanisms that inﬂuence the membrane behavior are discussed from the viewpoints of the diffuse-double layer and
the interparticle pore size with the assistance of SEM.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Compacted clay liners are a common component of bottom liner
systems in waste containment facilities due to their affordability
and excellent barrier performance against the migration of aqueous
contaminants (e.g., Boynton and Daniel, 1985; Shelley and Daniel,
1993; Chapuis, 2002; Cui et al., 2011; Wang et al., 2013).10.1016/j.sandf.2014.04.019
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der responsibility of The Japanese Geotechnical Society.However, the performance of these clay liners may be greatly
enhanced if they exhibit a semipermeable membrane behavior, by
which the liners can prevent or restrict the migration of selected
substances (Tuwiner, 1962; Mulder, 1991). In the case of a
chemical solution, a semipermeable clay liner can inhibit the
migration of solute molecules (Mitchell, 1993), while allowing
water to ﬂow from a lower solute concentration (higher water
activity) to a higher solute concentration (lower water activity) until
equilibrium in the concentration on both sides of the clay has been
established (Olsen, 1969, 1972; Greenberg et al., 1973; Manassero
and Dominijanni, 2003; Shackelford and Lee, 2003; Henning et al.,
2006).
Membrane behavior in soil is mainly attributed to two
causes, namely, size restriction and electrical repulsion from a
diffuse-double layer (DDL) (Van Impe, 2002). Size restriction,Elsevier B.V. All rights reserved.
Table 1
Bentonite proportion in clay–bentonite mixture for membrane tests in
references.
Clay Bentonite Bentonite
proportion
(by dry weight)
References
Nelson farm clay Na-bentonite 0, 5% Kang and
Shackelford (2010)
Clay–sand
mixture
Na-bentonite 5% Yeo et al. (2005)
Kaolin Na-bentonite 20% Van Impe (2002)
– GCL
bentonite
100% Malusis and
Shackelford
(2002b)
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which very large non-charged molecules, such as neutral
organic compounds, are blocked when the pore size is
sufﬁciently small (Grathwohl, 1998). A DDL is composed
of two components: a negative charge on the surface of the
clay particles and a distribution of counterions adjacent to the
particle surface to counterbalance the surface charge
(Dominijanni and Manassero, 2012b). When the interparticle
distance is on the same order as the pore size under an external
load, the DDLs overlap (Fritz and Marine, 1983; Fritz, 1986;
Mitchell, 1993). In this case, anions cannot migrate through
the pores due to the predominantly negative electrical poten-
tials of the clay particle surface. To maintain electrical
neutrality in the solution, cations tend to remain with their
co-ions, which restricts their movement (Hanshaw and Coplen,
1973; Marine and Fritz, 1981; Fritz and Marine, 1983; Fritz,
1986; Keijzer et al., 1997; Shackelford, 2011).
When a membrane can completely restrict the migration of
solute, the membrane is ideal. In this case, only the solvent can
cross an ideal semipermeable membrane regardless of the
solute concentration gradient. In contrast, if both the solvent
and the solute can cross the membrane freely, then the
membrane property does not exist. Actually, the membrane
behavior of natural materials falls in between these two
extremes; a function of the solute can pass through the
membrane and change the concentration gradient. Over a
sufﬁciently long period of time, diffusion of the solute will
gradually equalize the concentrations on both sides, decreasing
the membrane behavior until it completely disappears (Malusis
et al., 2003; Manassero and Dominijanni, 2003; Malusis and
Shackelford, 2004).
Typically, the extent to which a soil acts as a membrane is
quantiﬁed in terms of a reﬂection efﬁciency coefﬁcient, s,
(Staverman, 1952; Katchalsky and Curran, 1965; Kemper and
Rollins, 1966; Spiegler and Kedem, 1966; Olsen et al., 1990)
or a chemico-osmotic efﬁciency coefﬁcient, ω (Mitchell, 1993;
Malusis et al., 2003; Malusis and Shackelford, 2004; Yeo et al.,
2005; Evans et al., 2008; Kang and Shackelford, 2010). As the
symbol s is usually used to designate stress in engineering ﬁelds,
ω is more commonly used to designate the degree of membrane
behavior. The value of ω ranges from 0, representing no solute
restrictions, to 1, representing an “ideal” or “perfect” membrane
that completely restricts the movement of the solutes (i.e.,
0rωr1). In most cases involving the membrane behavior of
clay, only a fraction of the pores are restrictive. Consequently,
clay materials are usually referred to as “non-ideal” or “leaky”
membranes (Kemper and Rollins, 1966; Olsen, 1969; Barbour
and Fredlund, 1989; Mitchell, 1993; Keijzer et al., 1997).
Membrane behavior has been observed in several types of
soils used as liners or barriers (e.g., Malusis and Shackelford,
2004; Yeo et al., 2005; Evans et al., 2008; Kang and
Shackelford, 2010). However, the observed membrane beha-
vior has been too low to sufﬁciently prevent the migration of
contaminants. Thus, in combining the advantages of clay and
bentonite, bentonite is introduced to promote the barrier
performance of clay towards contaminants and enhance its
membrane properties (Malusis and Shackelford, 2002b; Yeoet al., 2005; Evans et al., 2008; Kang and Shackelford, 2010).
According to previous studies, however, the bentonite content
of the mixtures for membrane tests signiﬁcantly varied, as
shown in Table 1, while very few studies have evaluated the
effect of the bentonite content on the previous membrane
behavior, which was also addressed by Shackelford (2012).
Based on the above considerations, this study utilizes bentonite
as an additive to amend locally available clay for the purpose
of enhancing the membrane behavior of clays. The mechan-
isms for the observed membrane behavior will also be
analyzed and discussed.2. Materials and experimental method
2.1. Materials
Two types of soils were evaluated: locally available natural
clay and powdered sodium bentonite. The local natural clay is
known as Fukakusa clay (FC); it is obtained from Kyoto, Japan.
The powered sodium bentonite, referred to as “super clay”, is
originally from Wyoming, USA (purchased from Hojun Co.
Ltd.). Sodium bentonite is widely used as a soil mixture additive
in slurry walls. Table 2 presents the physical and chemical
properties of Fukakusa clay and sodium bentonite. For Fukakusa
clay, the main exchangeable metal was identiﬁed as Ca2þ
(10.5 meq/100 g), and small amount of Mg2þ , Naþ and Kþ
(3.8, 0.6 and 2.2 meq/100 g). For the bentonite, the dominant
exchangeable metal was identiﬁed as Naþ (43.7 meq/100 g),
then Ca2þ (22.1 meq/100 g), Mg2þ (13.8 meq/100 g), and only
small amount of Kþ was detected. The sum of exchangeable
metals is a little higher than the cation exchange capacity (CEC),
which can be ascribed to the presence of carbonate in the soils.
Part of the measured cations, therefore, might have originated
from the carbonates and not from the exchange complex of the
soil particles (Heister, 2005).
Fig. 1 shows the XRD patterns of both Fukakusa clay and
bentonite (RAD-2B, Rigaku Corporation, Japan). In the case of
bentonite, it was abundant in Montmorillonite as can be observed
by the characteristic peaks that appeared at 2θ¼7.021, 19.781,
26.601, 29.841, 34.861, and 36.141. In the case of the Fukakusa
clay, and based on the characteristic peaks appearing at 2θ¼
20.941, 26.621, 36.621, 39.541, 40.321, 42.561, and 45.861, it is
Fig. 1. XRD patterns of Fukakusa clay and bentonite.
Table 3
Measured chemical properties of the solutions.
Liquid Concentration pH EC (mS/m)
@18 1C
(mM) (mg/L)
De-ionized water 0 0 6.80 0.10
KCl solutions 0.5 38 6.87 7.14
1 75 6.95 14.06
5 380 6.43 68.30
10 750 6.30 126.70
50 3800 6.56 642.00
Fig. 2. Linear relationship between EC and KCl concentrations.
Table 2
Properties of Fukakusa clay and sodium bentonite.
Property Unit Standard Values
Fukakusa
clay
Bentonite
Soil particle density g/cm3 JIS A 1202 2.717 2.635
Natural water content % JIS A 1203 3.72 6.46
Plastic limit % JIS A 1205 14 47.3
Liquid limit % JIS A 1205 53 540
Soil pH ASTM D
4972-01
3.0 9.7
Swell index mL/2 g ASTM D
5890-06
3.0 23
Cation exchange
capacity
meq/
100 g
JGS 0261-
2009
14.9 56.1
Exchangeable metals meq/
100 g
ASTM
D7503-10
Ca 10.5 22.1
Mg 3.8 13.8
Na 0.6 43.7
K 2.2 1.8
Sum 17.1 81.3
Soluble salts mg/kg ASTM
D7503-10
Ca 1578 664
Mg 798 1210
Na 578 7423
K 108 195
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344 331clear that the main mineral composition was quarts (Tang et al.,
2010, 2012). Montmorillonite was not observed in the Fukakusa
clay, which can help explain its low swelling property, as listed in
Table 2. Feldspars, illite, and albite were observed in both
Fukakusa clay and bentonite. The weak characteristic peak at
2θ¼12.431 indicates that the Fukakusa clay contained very limited
Mica composition.
2.2. Solutions
De-ionized water (DIW) and solutions containing various
concentrations of KCl were used in this study. The DIW wasprepared from tap water by using a water distillation apparatus
(RFD240NA, Advantec, Japan). Potassium chloride (Guaran-
teed reagent, Nacalai Tesque, Inc., Japan), dissolved in the
DIW, was used to prepare a standard KCl solution, then
diluted to target concentrations of 0.5, 1, 5, 10, and 50 mM.
The pH and electrical conductivity (EC) of the electrolyte
solutions were measured by a pH/ion/cond.-meter (F-55,
Horiba, Japan), and the results are shown in Table 3.
To avoid the effect from other ions, prior to the membrane
tests, all the specimens were ﬂushed by permeation with DIW
to remove soluble salts. As shown in Table 2, the dominant
cations of the exchangeable complex in the Fukakusa clay and
bentonite were Ca2þ and Naþ . For the Ca2þ in the Fukakusa
clay, the ion exchange reaction can be ignored since its relative
low atomic weight compared to K (Mitchell and Soga, 2005).
For the case of Naþ , it was hard to quantify the ion exchange
with K. However, considering the very low amount of
bentonite, it was rational to assume that after ﬂushing, the
EC of the circulation outﬂow from the specimen boundaries
during the tests was due solely to the KCl. Additionally, the
correlation between EC and the KCl concentration was linear
over the concentration range in this study. Accordingly, to
simplify the measurements, the KCl concentrations of the
circulation outﬂow during the test were calculated based on the
measured EC values in accordance with the calibration line
shown in Fig. 2.
To validate this assumption, Malusis and Shackelford
(2002b) compared the KCl concentration from the outﬂow
based on the EC calculation to direct measurements. The results
indicated an excellent agreement between the calculated KCl
and the measured Cl concentrations, while the change in the
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344332Kþ concentration slightly lagged behind that of Cl. Thus,
using the EC values to estimate KCl concentrations should be
accurate, i.e., in the case of sufﬁciently ﬂushed specimens.
2.3. Description of the testing apparatus
For laboratory scale membrane tests, two types of cells are
common: ﬂexible-wall cells (Kang and Shackelford, 2009,
2011) and rigid-wall cells (Malusis et al., 2001; Malusis and
Shackelford, 2002a; Malusis et al., 2003). Due to simplicity
and economic considerations, as presented by Daniel et al.
(1985), this study employed only rigid-wall cells.
Fig. 3(a) and (b) schematically depicts the testing apparatus
which resembles the system proposed by Malusis et al. (2001).
The specimen was placed into a rigid acrylic cylinder with the
top cap and base pedestal locked in place to prevent soil
from expanding and to maintain the initial thickness of theFig. 3. Schematic of the testing apparatusspecimen. Both the top and bottom surfaces were covered with
porous stones and ﬁlter papers to prevent the porous stones
from being clogged by the soil particles, while the inside
cylinder edge was covered with vaseline to prevent wall-edge
ﬂow. Ports were equipped at both the top cap and the base
pedestals. When Valves 3–6 are open, the ports at the top cap
allowed a circulation loop of electrolyte solution through the
porous stones, whereas when Valves 1 and 2 are open, the port
at the base pedestal allows the bottom surface of the specimen
to be ﬂushed. The electrolyte solutions on both sides of the
specimen were circulated continuously through the porous
stones by cassette peristaltic pumps (SMP-23AS, As One,
Japan), which simulated a constant-concentration boundary
condition at the top and a perfect ﬂushing boundary at the
bottom (Malusis et al., 2001; Malusis and Shackelford, 2004).
Thereby, a constant concentration difference across the speci-
men was established and maintained.(a) schematic diagram; (b) photograph.
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top. A solution of constant concentration from the top source
solution bottle was infused through the porous stones, and
traveled back to top source solution bottle. This conﬁguration
comprised a closed circulation loop, such that at the top
surface boundary and the circulation inﬂow and outﬂow
volumes were equal to prevent a solution ﬂux through the
specimen. The pressure transducer (PTI-S-JC300-22AQ-T,
Swagelok, German), with power supplied by a regulated DC
power supply (LX018-2A, Takasago, Japan), was installed at
the top to measure and record the pressure inside the top
circulation loop with the assistance of a data acquisition
system (Data logger) (NR-1000, Keyence, Japan). To avoid
elevation head differences between the transducer and the top,
the center of the specimen, and between the vent in the bottom
circulation outﬂow and the bottom, the center of the specimen,
the transducer, and top center of the specimen were designed
to be the same height. For the case of the vent of bottom
circulation outﬂow, it was at the bottom of the sample
collection conical ﬂask, which was placed on top of the
specimen, as shown in the image in Fig. 3. Moreover, to
minimize stress loss, half-rigid acrylic bottles, connectors,
valves, and tubes were used for assembling the circulation
loop. For the bottom, Valves 1 and 2 were kept open, and DIW
was ﬂushed at the bottom surface, providing outﬂow for
sample collection.2.4. Specimen assembly and preparation
The FC was mixed with bentonite at ﬁve different contents
(0, 5%, 10%, 15%, and 20%) on a total dry weight basis (e.g.,
15% bentonite content¼15 g dry bentonite per 100 g of FC–
bentonite mixture). Then, water was added to the soil mixture
by a mixing machine (KM-800, Kenmix, Japan) to achieve the
water content shown in Table 4. The optimum water content
was based on preliminary standard compaction tests following
JIS A 1210. To ensure that water was well distributed without
evaporation, each sample was covered with a polyethylene
membrane and allowed to stand for 12 h after blending. The
specimens were prepared following three stages: assembly,
saturation, and ﬂushing.
First, each specimen was compacted to reach the maximum dry
density directly in a cell column with an inner diameter of 100 mm
and a height of 30 mm. Compared to the molds used in theTable 4
Results of the compaction tests and specimen compaction properties.
Soils Standard compaction test (JIS A 1210)
Maximum dry
density (g/cm3)
Optimu
content
Fukakusa clay (FC) 1.51 23.0
FCþ5% bentonite 1.42 23.2
FCþ10% bentonite 1.48 24.0
FCþ15% bentonite 1.46 24.8
FCþ20% bentonite 1.43 25.6standard compaction tests (JIS A 1210), this study employed
thinner specimens to reduce the duration of the membrane tests
(Shackelford et al., 2003; Kang and Shackelford, 2010). Wider
diameters were used compared to standard hydraulic conductivity
tests (ASTM D 5084) to minimize the side-wall ﬂow (Kim et al.,
2011).
Second, all the specimens were submerged in DIW inside a
vacuum chamber connected to a pump (LMP100, Welch,
Japan). As the specimens contained bentonite, which has its
own swelling properties, each specimen was mounted between
two porous stones and ﬁlter papers and clamped by three vices
to prevent expansion while reaching saturation. To ensure
sufﬁcient saturation, the saturation process lasted 3 days under
a vacuum with a pressure of about 85 kPa.
After the saturation step, each specimen was assembled
with a top cap and a base pedestal. Then, specimens were
permeated with DIW for ﬂushing. To accelerate the ﬂushing
stage, an average constant water head of 4 m was applied with
hydraulic gradient of around 135. Despite the high hydraulic
gradient during ﬂushing, the ﬂushing stage still took about 60
days. Following previous research, the ﬂushing stage in this
study was terminated when the EC of the outﬂow was less than
3.6 mS/m (50% of the EC of the lowest KCl concentration
used in this study) (Kang and Shackelford, 2009, 2011).
The primary purpose of ﬂushing was to remove soluble salts
from the specimens in order to enhance the potential of
the membrane behavior (Malusis et al., 2001; Malusis and
Shackelford, 2002a, 2002b; Kang and Shackelford, 2009,
2011). During the ﬂushing stage, the outﬂow volume, the
duration, and the hydraulic gradient were recorded for use in
the hydraulic conductivity calculation following Darcy's law.
For every specimen with a certain bentonite content, a parallel
specimen was prepared under duplicate test conditions. After
the saturation process, the specimen was used for the mem-
brane test, while its parallel specimen was used for the
measurement and calculation of the initial degree of saturation.2.5. Membrane test procedures and program
Five specimens, namely, pure FC and four clay–bentonite
mixtures with different amounts of bentonite, were prepared
for the membrane tests. Each specimen was 30 mm in
thickness. To establish a steady difference in baseline pressure
across the specimens, DIW was circulated ﬁrst over both theSpecimens for membrane test
m water
(%)
Dry density
(g/cm3)
Water
content (%)
1.52 23.2
1.50 23.5
1.50 24.1
1.43 24.8
1.39 25.9
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circulation rate (about 205 mL/d) for 6 days prior to introdu-
cing different concentration solutions.
Each membrane test consisted of ﬁve individual circulation
stages. In each stage, one of the ﬁve electrolyte solutions with
KCl concentrations of 0.5, 1, 5, 10, and 50 mM was infused
sequentially into the top porous stone of the specimen, while
ﬂushing the bottom surface with DIW. Each stage of the test
was conducted until a stable difference in chemico-osmotic
pressure across the specimen was observed.
The outﬂow from the bottom circulation was sampled, and
the EC of the samples were measured three times per day.
Then, the KCl concentration at the bottom boundary due to the
diffusion during the membrane test was estimated based on the
EC values in accordance with the correlation curve shown in
Fig. 2. However, for the top surface, which had a closed
circulation loop, the EC values were only measured at the
beginning and the end of every stage, as a check on the
boundary conditions. With the concentration at the top and
bottom boundaries, the theoretical chemico-osmotic pressure
can be calculated.
After the saturation process of the specimen, the circulation
loop system was full of water without air inside. Since both
water molecules and soil particles were incompressible, the
pressure can be transferred through the soil and water media
inside the system. The transducer was installed at the top
circulation to measure the difference in chemico-osmotic
pressure indirectly, as shown in Fig. 3. After 6 days of DIW
circulation process, there was no concentration gradient across
the specimen. Thus, theoretically, the pressure at both top and
bottom sides were the same, equal to the atmospheric pressure.
Due to some unknown factors, however, minor pressure
differences were measured between the top and the bottom
circulation loops, which comprised the baseline pressure dis-
cussed previously. This baseline pressure might be due to the
pressure loss inside the porous stone or to the remaining soluble
salts of the specimens that were leached out of the top
circulation loop (Ct40), while the bottom boundaries were
ﬂushed (Cb¼0), therefore resulting in a slight concentration
difference across the specimens. After introducing electrolyte
solutions, with the concentration difference as well as the
existence of membrane behavior, the pressure of the top
circulation loop changed and caused the establishment of a
new pressure equilibrium. The sum of the chemico-osmotic
pressure and the atmospheric pressure was equal to the pressure
measured by the transducer. Hence, chemico-osmotic pressure
ΔP0 can ﬁrstly be approximately calculated as follows:
ΔP0 ¼ PtransducerPatmosphere ð1Þ
Ptransducer represented the pressure measured by the trans-
ducer at the top circulation loop; Patmosphere was the local
atmospheric pressure. To eliminate the unknown factor which
led to the minor pressure difference, the actual chemico-
osmotic pressure, ΔP, can be written as follows:
ΔP¼ΔP0 Pbaseline ð2Þwhere Pbaseline represented the measured baseline pressure
during the ﬁrst 6 days. To prevent variations in the conditional
parameters during the tests, the membrane tests were carried
out in a room with controlled temperatures ranging from 16.81
to 18.81, with an average value of 17.8 1C measured by a
Thermo Recorder (TR-72Ui, T&D, Japan).2.6. Calculation of membrane efﬁciency
The aim of the membrane tests was to maintain a steady-state
concentration gradient across the specimen, while preventing
hydraulic ﬂow inside the specimen. Consequently, chemico-
osmotic pressure developed and was directly related to the value
of ω. Throughout the membrane tests, the thickness and the
volume remained constant, and the amount of infused circulation
liquid was equal to the amount of the outﬂow circulated.
Therefore, the source solution and DIW were not allowed to
enter or exit the specimens during the test. Moreover, no electrical
current was applied across the specimen and the non-conductive
acrylic cell prevented short-circuiting inside the specimen. ω was
deﬁned as follows (Katchalsky and Curran, 1965; Groenevelt and
Elrick, 1976; Van et al., 1996; Malusis et al., 2001; Malusis and
Shackelford, 2002b):
ω ¼ ΔP
Δπ
ð3Þ
where ΔP is the actual chemico-osmotic pressure difference
across the specimen due to the membrane behavior, and Δπ is the
theoretical maximum chemico-osmotic pressure across an ideal
semipermeable membrane subjected to an applied concentration
difference (Olsen et al., 1990). As deﬁned by Eq. (3), ω
represents the ratio of the actual to the theoretical maximum
chemico-osmotic pressure difference across the specimen, and
indicates how close a membrane is to an ideal semipermeable
membrane.
The actual ΔP was measured by a transducer, as shown in
Fig. 3 and indicated by Eqs. (1) and (2). Δπ for a single salt
system can be approximated using the van't Hoff equation
based on the difference in solution concentration across a
specimen as (Katchalsky and Curran, 1965; Metten, 1966;
Tinoco et al., 1995)
Δπ ¼ vRTΔC ð4Þ
where v is the number of ions in one salt molecule (e.g., v=2 for a
1:1 electrolyte solution (e.g., NaCl and KCl), whereas v=3 for a
2:1 electrolyte solution (e.g., CaCl2)), R is the universal gas
constant (8.314 J/mol K), T represents the absolute temperature of
the membrane testing system in K, and ΔC is the difference in
concentration across the specimen. As this study used KCl
solutions, Eq. (4) can be rewritten as (Malusis and Shackelford,
2002b)
Δπ ¼ 2RTðCtCbÞ ð5Þ
The van't Hoff expression is based on the assumption that
the electrolyte solutions are ideal and dilute. Hence, it provides
only approximate values for the difference in chemico-osmotic
pressure. Fritz (1986) noted that the error associated with the
Fig. 4. EC values for the ﬁve specimens during the ﬂushing stage.
Fig. 5. Hydraulic conductivity change as a function of bentonite content.
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344 335van't Hoff expression is low (o5%) for 1:1 electrolytes with
concentrationso1 M (Malusis et al., 2001; Malusis and
Shackelford, 2002b).
In this study, the source solution was circulated at the top
surface to provide an upper boundary concentration of Ct040,
while the bottom surface was ﬂushed with DIW to provide a
bottom boundary concentration of Cb0=0. Thus, the chemico-
osmotic efﬁciency coefﬁcient, ω0, in terms of the KCl solution
can be expressed as follows (Malusis and Shackelford, 2002b):
ω0 ¼
ΔP
Δπ



0
¼ ΔP
Δπ0
¼ ΔP
vRTΔC0
¼ ΔP
vRTðCt0Cb0Þ
¼ ΔP
2RTCt0
ð6Þ
In this study, T was 290.8 K and corresponds to an average
room temperature of 17.8 1C. Δπ0 exists under a perfect
ﬂushing boundary condition when the circulation rate is
sufﬁciently large so that the boundary KCl concentrations
caused by diffusion are negligible. In practice, however, the
circulation rate is insufﬁcient, and changes in the boundary
concentrations due to diffusion may result in a time-dependent
reduction in Δπ (Malusis et al., 2001). In terms of the average
KCl concentration, the average chemico-osmotic efﬁciency
coefﬁcient, ωave, is given as follows (Kang and Shackelford,
2009):
ωave ¼
ΔP
Δπ



ave
¼ ΔP
Δπave
¼ ΔP
vRTΔCave
¼ ΔP
2RTðCt;aveCb;aveÞ
ð7Þ
where Ct,ave and Cb,ave are the average KCl concentrations
across the top and bottom of the specimen boundaries,
respectively, and are deﬁned as follows (Malusis et al., 2001;
Kang and Shackelford, 2011):
Ct;ave ¼
Ct0þCt
2
; Cb;ave ¼
Cb0þCb
2
¼ Cb
2
ð8Þ
As Ct,aveoCt0 and Cb,ave4Cb0, the initial chemico-osmotic
pressure difference, Δπ0, is slightly greater than the average
chemico-osmotic pressure difference, Δπave. Consequently for
the same measured chemico-osmotic pressure ΔP, ω0 will be
less than ωave in accordance with Eqs. (6) and (7) (Malusis
et al., 2001; Kang and Shackelford, 2011).Table 5
Electrical conductivity (EC) and hydraulic conductivities (k) before and after the ﬂ
No. Specimen Flushing stage start
EC (mS/m)
1 Fukakusa clay (FC) 16.9
2 FCþ5% bentonite 36.5
3 FCþ10% bentonite 61
4 FCþ15% bentonite 138
5 FCþ20% bentonite 280
Flushing method: constant head; Duration: about 60 d
Note: EC for the KCl solution of the lowest concentration is 7.14 mS/m.3. Results
3.1. Specimen ﬂushing
Table 5 lists the ﬂushing stage results for all ﬁve specimens.
Together with Fig. 4, it is obvious that as the bentonite content
increased, the initial efﬂuent EC increased, but then gradually
decreased due to the continual permeation with DIW and the
eventual reduction in the dissolved salt content. After ﬂushing
for 60 days, the efﬂuent EC from the FC decreased to 2.5 mS/m,
while FC plus 5%, 10%, 15%, and 20% bentonite decreased to
2.8, 2.6, 3.0, and 3.1 mS/m, respectively.
From Table 5, it can be seen that the hydraulic conductivity
of the FC at the end of the ﬂushing stage is 1.58 109 m/s,
several times higher than that of Nelson Farm Clayushing.
Flushing stage terminate
k (m/s) EC (mS/m) k (m/s)
3.28 109 2.5 1.58 109
1.27 109 2.8 1.07 109
6.3 1010 2.6 6.04 1010
3.19 1010 3 2.74 1010
8.9 1011 3.1 8.23 1011
ays; Hydraulic gradient: about 135
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344336(1.5 1010 m/s) reported by Kang and Shackelford (2010); this
difference can be attributed to the micro-structure and the
composition of the soils. The hydraulic conductivity for the FCFig. 6. Hydraulic conductivities of the ﬁve specimens during the ﬂushing stage.
Fig. 7. KCl concentration at boundaries during the membrane tests (a) FC; (b) FC
(e) FC plus 20% bentonite.is greater than the common upper limit for landﬁll liners of
1.0 109 m/s, which indicates that it is not suitable for
direct use as a landﬁll liner (Katsumi et al., 2008a; Kamon and
Katsumi, 2001). However, as the bentonite content increased, the
hydraulic conductivity decreased, as shown in Fig. 5, which plots
the hydraulic conductivities at the end of the ﬂushing stage
(y-axis) versus the bentonite content (x-axis). As the bentonite
content increased to 5%, 10%, 15%, and 20%, the hydraulic
conductivity decreased to 1.07 109 m/s for the FC plus 5%
bentonite, 6.04 1010 m/s for the FC plus 10% bentonite,
2.74 1010 m/s for the FC plus 15% bentonite, and
8.23 1011 m/s for the FC plus 20% bentonite. The introduction
of bentonite also made natural Fukakusa clay suitable for use
as a liner. Based on the results by Shackelford et al., (2000), as
the bentonite content increases, the swelling nature causes a
decrease or block in the effective void for permeation, which
can lead to a decrease in the hydraulic conductivity (Shackelford
et al., 2000).plus 5% bentonite; (c) FC plus 10% bentonite; (d) FC plus 15% bentonite;
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344 337Fig. 6 presents the hydraulic conductivities of all the specimens
measured during the ﬂushing stage. For a certain specimen, the
hydraulic conductivity slightly decreased with time. This time-
dependent decrease might be attributed to the concentration of
leaching ﬂow. With the ﬂushing stage going, the leached out
soluble salts became less, which caused an increase in the
thickness of the DDL and a decrease in the concentration of
the outﬂow in response. And, according to the results observed
by Shackelford et al. (2000), a lower concentration of outﬂow
results in lower hydraulic conductivity.3.2. Boundary concentration during the membrane tests
Fig. 7 presents the boundary KCl solute concentrations
calculated according to the calibration (Fig. 2). The tests
consisted of ﬁve stages, in which the KCl concentrations for
the source solutions that circulated through the top increased
from 0.5 mM to 50 mM. The KCl concentration of outﬂow at
the top (Ct) decreased slightly compared to the source solutionFig. 8. Measured chemico-osmotic pressure across the specimens (a) FC; (b) FC plu
plus 20% bentonite.at the beginning of every stage (Ct0) (CtoCt0) in most cases,
while that of the bottom circulating efﬂuent eventually
increased over time (Cb4Cb0) (Malusis and Shackelford,
2002b; Kang and Shackelford, 2010). These observations were
consistent with the solute loss from the source solutions due to
the KCl diffusion or the adsorption by soil minerals inside the
specimens (Malusis and Shackelford, 2002b; Tang et al., 2009;
Inui et al., 2012).3.3. Chemico-osmotic pressure
The actual values for ΔP, calculated according to Eqs. (1)
and (2), are shown in Fig. 8. DIW was circulated at both top
and bottom sides of the specimens (Ct¼Cb¼0) during the ﬁrst
6 days, and the baseline chemico-osmotic pressures ranged
from 0.76 kPa to 1.70 kPa. A similar phenomenon was also
observed by Malusis and Shackelford (2002b), but it was
attributed to slight differences in the hydraulic resistance of the
porous stones at the opposite ends of the specimens.s 5% bentonite; (c) FC plus 10% bentonite; (d) FC plus 15% bentonite; (e) FC
Fig. 9. Chemico-osmotic efﬁciency coefﬁcient, ω, as a function of time period.
Q. Tang et al. / Soils and Foundations 54 (2014) 329–344338From the ﬁgures, it is apparent that the introduction of the
KCl solution resulted in an immediate and rapid increase in the
chemico-osmotic pressure. However, the incremental change
decreased as the concentration difference increased. Except for
FC, for which the concentration difference increased from
0.5 mM to 1 mM, the ΔP of all the specimens decreased
slightly. The time required for the chemico-osmotic pressure to
equilibrate increased with an increasing KCl concentration,
namely, less than 1 day for the 0.5 mM solution, about 2 or 3
days for the 1 mM solution, and about 4 or 5 days for the
50 mM solution. Although some measures were taken to
eliminate the negative effect of the difference in elevation
head, mentioned in Section 2.3, about a 1 cm difference still
existed between the vent of the bottom circulation outﬂow and
the top outﬂow, the center of the specimen, as a result of the
thickness of the porous stone and the top cap. This negative
effect will attenuate as concentration increases; however,
compared to the chemico-osmotic pressure, the 1 cm difference
in elevation head here can be ignored.
4. Discussions
Table 6 lists the values for ω for all ﬁve specimens, while
Fig. 9 shows ω0 as functions of time and the concentrationTable 6
Summary of the membrane test results.
No. Physical property Experimental condition
D (mm) T (mm) k (m/s) BC S (%) Ct0 (mM) ΔCave (mM
1 100 30 1.58 109 0 97.4 0.5 0.42
1 0.86
5 4.60
10 8.44
50 43.11
2 100 30 1.07 109 5% 98 0.5 0.43
1 0.92
5 4.57
10 8.63
50 43.28
3 100 30 6.04 1010 10% 96.1 0.5 0.44
1 0.93
5 4.48
10 8.64
50 42.61
4 100 30 2.74 1010 15% 96.2 0.5 0.45
1 0.93
5 4.42
10 8.59
50 42.60
5 100 30 8.23 1011 20% 93.8 0.5 0.44
1 0.90
5 4.39
10 8.77
50 42.53
D¼specimen diameter; T¼specimen thickness; k¼hydraulic conductivities; B
concentration; ΔCave¼average concentration difference across specimen; ΔP¼m
pressure; Δπave¼average theoretical chemico-osmotic pressure; ω0¼chemico-osmodifference. The saturation degrees here were measured based on
the parallel specimens mentioned in Section 2.4. As shown in
Fig. 9, chemico-osmotic efﬁciency coefﬁcient ω0 decreases as
the KCl concentration increases. Moreover, it also displays a
time-dependent decrease, which was also observed by Malusis
and Shackelford (2002b). However, the rate of decrease varies
by specimen. For example, ω0 for FC decreases from 0.71
to 0.30 as Ct0 increases from 0.5 mM to 1 mM, and then
further decreases to 0.11 as Ct0 increases to 5 mM, but this
further decrease is negligible. In contrast, as Ct0 increases forTest results
) ΔP (kPa) Δπ (kPa) Δπave (kPa) ω0 ωave Corrected ωave Error
1.71 2.42 2.02 0.71 0.85 – –
1.45 4.84 4.17 0.3 0.35 – –
2.65 24.19 22.24 0.11 0.12 – –
2.91 48.39 40.81 0.06 0.07 – –
3.16 241.94 208.44 0.01 0.02 – –
2.14 2.42 2.08 0.88 1.03 – –
2.82 4.84 4.45 0.58 0.63 0.59 7%
9.32 24.19 22.11 0.39 0.42 0.41 2%
9.66 48.39 41.74 0.2 0.23 0.23 0%
9.84 241.94 209.28 0.04 0.05 0.05 0%
2.39 2.42 2.13 0.99 1.12 – –
2.99 4.84 4.5 0.62 0.66 – –
8.38 24.19 21.67 0.35 0.39 – –
9.84 48.39 41.79 0.2 0.24 – –
10.86 241.94 206.04 0.04 0.05 – –
2.22 2.42 2.19 0.92 1.01 – –
3.59 4.84 4.51 0.74 0.8 – –
8.72 24.19 21.36 0.36 0.41 – –
10.26 48.39 41.54 0.21 0.25 – –
12.06 241.94 206 0.05 0.06 – –
2.22 2.42 2.13 0.92 1.04 – –
2.57 4.84 4.37 0.53 0.59 – –
9.07 24.19 21.24 0.37 0.43 – –
11.20 48.39 42.39 0.23 0.26 – –
14.37 241.94 205.63 0.06 0.07 – –
C¼bentonite content; S¼saturation degree; Ct0¼ initial upper boundary
easured actual chemico-osmotic pressure; Δπ¼ theoretical chemico-osmotic
tic efﬁciency coefﬁcient; ωave¼average chemico-osmotic efﬁciency coefﬁcient.
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above 0.20 when Ct0 is 10 mM. The results indicate that the
membrane behavior of natural FC can be ignored unless
amended with bentonite (Kang and Shackelford, 2010).
Table 6 also lists the ωave calculated with Eq. (7). As
previously noted, because the solute diffuses from the source
solution into the specimen through the top boundary and the
dissolved salts from the specimen to DIW are ﬂushed from the
bottom boundary, the values for ωave tend to be slightly larger
than those for ω0. Additionally, when the KCl concentration
Ct0 is sufﬁciently low (Ct0¼0.5 mM), the values for ωave
for the bentonite-amended FC composite materials exceed 1
(1.03, 1.12, 1.01, and 1.04), and such high ωave values can be
partially attributed to the difference in the actual KCl
concentration and the calculated KCl concentration at the
bottom side. According to Tang (2013), the measured EC
value at the bottom boundary was contributed from not only
KCl, but also other leached out salts, and the ratios for the real
KCl concentrations measured by ICP (CKCl, (ICP)) to that
calculated from the EC values (CKCl, (EC)) at the bottom
boundary were summarized as in Table 7. The specimen in
Table 7 was also used for the membrane test, and the test
conditions were the same as those used in this study (Fukakusa
clayþ5% sodium bentonite; compactness 100%; thickness
3 cm; 6 days for each concentration stage). However, different
from the pH solution of 7.0 in this study, the pH of the
solutions used in the specimen was adjusted to be around 4.0.
Considering the same specimens and the similarity of the test
conditions, it is rational to expect that the difference in KCl
concentrations, shown in Table 7, also existed in the mem-
brane tests reported in this study.
Based on the above assumption and the ratio between CKCl, (ICP)
and CKCl, (EC), shown in Table 7, the average chemico-osmotic
efﬁciency coefﬁcients were calculated again, and the results are
listed in the last two columns of Table 6. Although there was a
large difference in the KCl concentration at the bottom side (CKCl,
(ICP)/CKCl, (EC), 1:100–7.5:100, Table 7), the calculated concentra-
tion difference was not affected greatly by the relatively high
concentration at the top side (ΔC¼¼Ct–Cb). Thus, the theoretical
chemico-osmotic pressure (Δπ¼vRTΔC) and the ﬁnal errors in the
chemico-osmotic efﬁciency coefﬁcient (ωave) were very limited, as
shown in Table 6. For the concentration of 1 mM, the error was
7%, and as the concentration increased to 5 mM, the error
decreased greatly to about 2%. With the continual increase in
concentration, the error became minor, and even was ignored,
which indicated the general tendency for the errors to decrease asTable 7
The ratios of CKCl, (ICP) to CKCl, (EC) for FCþ5% bentonite at the bottom side.
Concentrations 1 mM 5 mM 10 mM 50 mM
CKCl, (ICP) 0.001 mM 0.0015 mM 0.004 mM 0.05 mM
CKCl, (EC) 0.1 mM 0.1 mM 0.2 mM 0.7 mM
CKCl, (ICP)/CKCl, (EC) 1:100 1.5:100 2:100 7.5:100
Data from Tang (2013); Test conditions: FCþ5% bentonite, thickness of 3 cm,
compactness 100%, 6 days for each concentration stage, solution pH
around 3.5.the concentration increased. In previous research reported by
Malusis and Shackelford (2002b), the boundary concentrations of
the KCl in the outﬂows were also obtained based on the calculation
from the EC values. However, due to the use of a solution with a
relatively high concentration (43.9 mM), the error might be very
low, even ignored. The errors calculated in Table 6 were only for
the FCþ5% bentonite content. It can be expected that such
errors, brought about by the concentration diversity originating
from the EC and the ICP, also existed for other specimens
(Fukakusa bentonite, FCþ10% bentonite, FCþ15% bentonite,
and FCþ20% bentonite), due to the similarity in materials and
micro-structure, which were predominated by the content of
Fukakusa clay. Considering all of the above, although some errors
existed, the ωave data were still reliable, and will be effective for
further analyses.
In addition, such extremely high values for ωave can also be
partially ascribed to the boundary concentration at the bottom
side. Differing from the test apparatus utilized in Malusis et al.
(2001), in which an entirely closed system was applied at both
sides, the experimental design in this study vented the bottom
circulation system to the atmosphere to force the reference
pressure at the bottom to be atmospheric pressure, which is
consistent with Eq. (1). However, during the membrane test,
the existence of salts in the circulation outﬂow, originating
from the diffusion of salts from the specimen at the bottom
caused by the pressure in the circulation outﬂow, is not exactly
atmospheric pressure (Shackelford, 2013). This existence of
salts in the circulation liquid at the bottom of the specimen is
clearly reﬂected by the elevated concentration, as shown in
Fig. 7. According to the extremely high ωave values under
conditions of Ct0 0.5 mM, the FC plus 5%, 10%, 15%, or 20%
bentonite can be regarded as an ideal permeable membrane
through which only water can pass. This ﬁnding is consistent
with the trend for the KCl concentration at the specimen
bottom boundary shown in Fig. 7, in which diffusion does not
occur for bentonite-amended FC, whereas diffusion at the
bottom boundary for FC gradually increases. Additionally, the
difference between the values for ωave and ω0 tends to become
smaller as the circulating KCl concentration increases.
The values for ωave in this study are compared to those
reported in the literature for Nelson Farm Clay (NFC) and
sodium bentonite subjected to the same KCl solutions pre-
sented by Kang and Shackelford (2010) and Malusis and
Shackelford (2002b) in Fig. 10. The relative positions of the
lines indicate that the membrane behaviors follow the order of
bentonite4clay–bentonite mixture4natural clay (Nelson
Farm Clay and FC). Although the differences in membrane
behaviors reported in Fig. 10 are likely to be due to multiple
reasons, two factors are readily apparent: the DDL and the
inter-particle pores.
The DDL is a special characteristic of clay, and is
particularly evident in bentonite, which possesses extremely
active surface charges (Van Impe, 2002). The migration of
solute molecules is restricted due to the static electro-repulsion
caused by the existence of the DDL around the clay particles
(Fritz and Marine, 1983; Fritz, 1986; Keijzer et al., 1997).
Therefore, the membrane behavior partially depends on the
Fig. 10. Chemico-osmotic efﬁciency coefﬁcient, ωave, as a function of KCl
concentration.
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activities of the DDL (Shackelford, 2012). For example, in
Fig. 9, when Ct0 is relatively low (0.5 mM), the ω0 values for
the four specimens with bentonite contents ranging from 5% to
20% are similar. When Ct0 is 1 mM, ω0 follows the order of
FC plus 15% bentonite4FC plus 10% bentonite4FC plus 5%
bentonite4FC plus 20% bentonite. However, when Ct0 is 5 mM,
the membrane behavior of the FC plus 5% bentonite displays the
highest, and the order is FC plus 5% bentonite4FC plus 20%
bentonite4FC plus 15% bentonite4FC plus 10% bentonite. As
KCl concentration Ct0 continuously increases to 10 mM and
50 mM, the membrane behavior decreases in proportion to the
decrease in the bentonite content (FC plus 20% bentonite4FC
plus 15% bentonite4FC plus 10% bentonite4FC plus 5%
bentonite). This work reveals that for the same solute concentra-
tion, ω increases as the bentonite content increases, namely,
FCobentonite-amended FC materialsobentonite.
Although the values for ω differ between specimens with
varying bentonite contents, the general trend is the same. For
example, ω decreases as the difference in solute concentration
across the specimen increases, as shown in Fig. 10, which is
consistent with Kang and Shackelford (2009, 2010, 2011). It is
hypothesized that none of the specimens will exhibit a
membrane behavior when the difference in solute concentration
exceeds 100 mM. The decreasing trends for ω as the solute
concentration increases are consistent with the Gouy–Chapman
theory (DDL theory). Based on the Gouy–Chapman theory, the
thickness of the DDL decreases as the solute concentration
increases (Mitchell, 1993; Malusis and Shackelford, 2002b).
Fig. 10 presents the membrane test results for two kinds of
clay-5% bentonite materials, one is FC plus 5% bentonite tested
in this study, while the other is Nelson Farm Clay (NFC) plus 5%
bentonite from previous research (Kang and Shackelford, 2010).
Although the bentonite content is the same (5%), their membrane
behaviors are totally different. At a lower concentration, the
membrane behavior of NFCþ5% bentonite is higher than that of
FCþ5% bentonite, and this can be attributed to the excellent
barrier performance of NFC, whose hydraulic conductivity(1.5 1010 m/s) is much lower compared to that of FC
(1.58 109 m/s). However, as the concentration increases, the
membrane behavior of NFCþ5% bentonite becomes lower
than that of FCþ5% bentonite, and it can be regarded as the
contribution of FC, whose membrane behavior is higher, as
shown in Fig. 10.
Yaroshchuk (1995) provided an explanation for the correla-
tion between the membrane behavior and the DDL. According
to Yaroshchuk (1995), the properties of macroscopic liquid
inside the porous medium are determined by the mechanisms
caused by the interaction between the solid skeleton and the
liquid components at the microscopic scale, such as the effect
of the DDL (Yaroshchuk, 1995; Dominijanni and Manassero,
2012a). And, the state variables of the electrolyte solution are
discontinuous between the bulk and the pore solution; this
phenomenon is called the partition effect (Yaroshchuk, 1995;
Dominijanni and Manassero, 2012a). The partition effect
suggests that the inter-particle pore is an independent system,
and the migration of the solute inside is dominated by a micro-
mechanism, including the effect of the DDL (Yaroshchuk,
1995; Dominijanni and Manassero, 2012a).
Bentonite is dominated by high swelling smectitic clay
minerals, such as montmorillonite, which consist of tetrahedral
and octahedral layers stacked in 2:1 arrangement. It has many
hydration sites since it has a crystal lattice (Katsumi et al.,
2007; Yong et al., 2010; Dominijanni and Manassero, 2012a).
According to Katsumi et al. (2007), during the hydration
process, water molecules are bound to the surface of the clay
mineral, and the crystal interlayer expansion of the montmor-
illonite, by the intercalation of the water molecules, will result
in the further decrease of the pore space for solute transport.
However, when the solution concentration increases, more
hydration sites are occupied by cations, which result in a
stronger attraction force. Thus, the inter-particle pores for
diffusion increase in response, which results in the decrease in
membrane behavior. According to Sposito (1984), the hydra-
tion shell surrounding the cations in a DDL consists of about
six water molecules for dilute solutions, but this deccreases to
about three water molecules for concentrated solutions. Con-
sequently, bentonite cannot swell sufﬁciently, and the increase
in inter-particle pores allows more solute to pass, thereby
reducing the membrane behavior (Katsumi et al., 2008b).
Consistent with the above ﬁndings, the preliminary swelling
test of bentonite against the KCl solution, shown in Fig. 11,
indicates that the free swelling volume decreases as the KCl
concentration increases (Jo et al., 2001).
Di Emidio (2010) thought that when two charged surfaces
approached one another, their DDLs were likely to overlap if
the energetic of two surfaces favored attraction. Overlapping
DDLs are the normal conditions governing the behavior of
clay–water systems, especially in the presence of bentonite.
The region of overlapping DDL was always characterized by a
relatively high concentration of cations, because they are
effectively restrained from diffusing to other regions (Di
Emidio, 2010). In addition, the continuous solute diffusion in
Fig. 7 is also likely to be responsible for the time-dependent
decrease in ΔP, as shown in Fig. 8. At the beginning of every
Fig. 11. Effect of KCl concentration on the free swell of sodium bentonite.
Fig. 12. Ratio of the peak chemico-osmotic pressure, ΔPpeak, to the chemico-
osmotic pressure at the steady status, ΔPe, as a function of KCl concentration.
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increases, resulting in a rapid increase in ΔP followed by a
gradual decrease before reaching equilibrium. Such a degrading
effect of salt diffusion on the chemico-osmotic pressure was also
observed by Shackelford and Lee (2003). For example, when
10 mM KCl is introduced into the FC plus 20% bentonite system,
the chemico-osmotic pressure reaches a peak value, ΔPpeak, of
16.8 kPa after about 1 day, but subsequently decreases to the
steady value ΔPe of 11.2 kPa. This phenomenon becomes more
signiﬁcant as the solute concentration increases, which should
greatly reduce ω and compress or shrink the double layers
(Malusis and Shackelford, 2002b). Fig. 12 shows the ratio of
ΔPpeak to equilibrium ΔPe (ΔPpeak/ΔPe) as a function of the KCl
concentration. As the solute concentration increases, the DDL
becomes more compressed which will require more time. It can
also help to explain the time required for the membrane behavior
to equilibrate as the difference in concentration increases, as
shown in Fig. 8. For the same solute concentration, the reduction
in ω is the largest for the specimen with the highest bentonite
content. These observations conﬁrm that in addition to being
affected by the solute concentration, the DDL property is
determined by the bentonite content.
Another factor affecting the membrane behavior is the inter-
particle pores. Fig. 13 shows Scanning Electron Microscope
(SEM) (JSM-5510LV, JEOL, Japan) images of FC, FC plus 5%,
10%, 15%, and 20% bentonite following the Vacuum-dry
method. The FC'’s surface is full of tiny soil minerals and
micropores, and the soil clusters lack effective cohesion, as
shown in Fig. 13(a). Bentonite plays a signiﬁcant role in the
adhesion of clay particles and remediates leaking. From a
microstructure viewpoint, introducing bentonite causes the FC
to become denser, and the size of the soil clusters to grow to
almost two or three times larger than that of FC. Moreover, no
micro-pores were observed at the soil surface, as shown in Fig. 13
(b)–(e). Hence, the lack of interparticle pores is another reason
that the membrane behavior rapidly increases upon the addition
of bentonite from 0 to 5%.
However, as the bentonite content increases from 5% to 20%,
the change in the microstructure is rather limited, as shown in
Fig. 13(b)–(e). According to the values for ω under the same
concentration conditions (Fig. 9), ω follows the order of the
bentonite contents of FC plus 20% bentonite4FC plus 15%
bentonite4FC plus 10% bentonite4FC plus 5% bentonite4FC.Thus, this phenomenon may be due to the effect of bentonite on
the DDL because as the bentonite content increases, the clay–
bentonite material becomes thicker and has a denser DDL,
improving the membrane behavior performance.5. Conclusions
In this study, a series of lab-scale experiments were conducted
on locally available FC and bentonite-amended FC composite
materials. According to the results, the hydraulic conductivity of
FC is 1.58 109 m/s, indicating that FC is not suitable for use
as a compacted clay liner unless amended with bentonite. For
bentonite-amended clay, the hydraulic conductivities are 1.07
109 m/s for the FC plus 5% bentonite, 6.04 1010 m/s for the
FC plus 10% bentonite, 2.74 1010 m/s for the FC plus 15%
bentonite, and 8.23 1011 m/s for the FC plus 20% bentonite,
which indicates that adding bentonite makes natural FC suitable
for use as a liner.
Bentonite is an effective additive, and may greatly improve
the membrane behavior of natural FC. When the bentonite
concentration is low (Ct0¼0.5 mM), the values for ω for the
bentonite-amended clays are close to 1, suggesting an ideal
membrane property. As Ct0 increases to 5 mM, the membrane
behaviors of the bentonite-amended FCs are several times
higher compared to FC; even at extremely high concentrations
of 10 and 50 mM, the bentonite-amended FC still exhibits
membrane behavior of ω040.20 and ω040.04, respectively.
Among the bentonite-amended FCs, the membrane behavior
property typically follows the order of bentonite contents of
FC plus 20% bentonite4FC plus 15% bentonite4FC plus
10% bentonite4FC plus 5% bentonite. The time required for
the membrane behavior to equilibrate depends on the concen-
tration, namely, less than 1 day for a low concentration
(0.5 mM), 2 or 3 days for medium concentrations (1 and
5 mM), and 4 or 5 days for high concentrations (10 and
50 mM).
Additionally, at the beginning of every stage, introducing a
higher concentration KCl solution causes a rapid increase in
the chemico-osmotic pressure, which peaks at ΔPpeak, and then
reaches an equilibrium pressure of ΔPe. The difference
between ΔPpeak–ΔPe increases as the solute concentration or
Fig. 13. SEM pictures of the ﬁve specimens. (a) FC; (b) FC plus 5% bentonite; (c) FC plus 10% bentonite; (d) FC plus 15% bentonite; (e) FC plus 20% bentonite.
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compressed. The values for ω0, based on the initial concentra-
tion and a perfect ﬂushing boundary, are corrected to ωave. The
values for ωave are slightly higher after accounting for the
changes in the boundary concentrations due to solute diffusion,
and in most cases, ωave–ω0o0.06.
As the bentonite content increases from 0 to 5%, the membrane
behavior rapidly increases, which is likely to be due to the
decreased pore size and the increased thickness of the DDL.
Although increasing the bentonite content from 5% to 20% does
not signiﬁcantly change the pore size within the specimens, the
membrane behavior slightly improves, suggesting that the DDL
contributes more to the improvement of the membrane property.
As the solution concentration increases, more exchange sites at the
DDL are occupied by cations instead of water molecules, which
strengthens the attractive forces while shrinking the DDL. Hence,the increased interparticle voids allow more solute molecules to
pass, greatly reducing the membrane behavior.Acknowledgments
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